Abstract. A deep understanding of the Epoch of Reionization is still missing in our knowledge of the universe. While future probes will allow us to test the precise evolution of the free electron fraction from redshifts between z 6 and z 20, at present one could ask what kind of reionization processes are allowed by present Cosmic Microwave Background temperature and polarization measurements. An early contribution to reionization could imply a departure from the standard picture where star formation determines the reionization onset. By considering a broad class of possible reionization parameterizations, we find that current data do not require an early reionization component in our universe and that only one marginal class of models, based on a particular realization of reionization, may point to that. In addition, the frequentist Akaike Information Criterion (AIC) provides strong evidence against alternative reionization histories, favoring the most simple reionization scenario, which describes reionization by means of only one (constant) reionization optical depth τ .
Introduction
The Epoch of Reionization is the interval of time during which the cosmic gas evolves from an almost completely neutral state (neglecting the recombination leftovers) to an ionized state. This ionization process is believed to happen due to the onset of star formation at redshifts z 12, and it is believed to last until z 6. Several astrophysical observables (quasars [1, 2] , Lyman α emitters [3] [4] [5] [6] [7] , γ ray bursts [8, 9] ) seem to agree with this hypothesis. However, the precise details of the overall reionization process still remain obscure. The main reason is that the currently available most precise information on the reionization period comes from Cosmic Microwave Background (CMB) measurements through a redshift-integrated quantity. During reionization, the number density of free electrons which can scatter the CMB, n e , increases. As a consequence, the reionization optical depth τ increases according to a line of-sight integral of n e , generating a suppression of the CMB peaks at any scale within the horizon at the reionization period. This suppression, however, can be easily compensated with an enhancement of the primordial power spectrum amplitude, A s . A much better and cleaner measurement of τ can be obtained via measurements of the CMB polarization, which is linearly affected by reionization (see e.g. Refs. [10] [11] [12] [13] for seminal works and [14] for a recent review). The latest measurements of the Planck collaboration provide a value of τ = 0.055 ± 0.009 [15, 16] based exclusively on the CMB polarization spectrum. This value of τ is in a much better agreement than previous WMAP [17] and Planck [18] estimates with observations of Lyman-α (Ly-α) emitters at z 7 [3] [4] [5] [6] [7] , which require that reionization is complete by z 6. Even if now cosmological and astrophysical tests of the reionization process seem to agree, the measurement of τ provides only integrated information on the free electron fraction x e , and not on its precise redshift evolution. Consequently, the same measured value of τ may correspond to very different reionization histories.
Traditionally, the most commonly exploited model for the time evolution of the free electron fraction, x e (z), uses a step-like transition, implemented via a hyperbolic tangent [19] . Model independent attempts have been carried out in several works in the past [13, [20] [21] [22] [23] [24] [25] [26] [27] [28] and also more recently [29] [30] [31] , based either on a redshift-node decomposition of x e (z) or on a Principal Component Analysis (PCA) of the CMB polarization angular power spectrum. More concretely, using the latter approach, the authors of [29] claimed that Planck 2015 data favors a high-redshift (z > 15) component to the reionization optical depth. The quoted 2σ evidence would come from the excess in power in the low multipole range of the Planck 2015 CMB polarization spectrum. Accordingly to their results, the functional form of the usual step-like model prevents a priori for such an early component in the reionization history of our universe. However, the authors of [30] , using a different method, which implements reionization through a non-parametric reconstruction that uses a Piecewise Cubic Hermite Interpolating Polynomial (PCHIP), find only marginal evidence for extended reionization histories. Since an early component in the reionization history x e (z) (or, in other words, a high redshift contribution to the reionization optical depth τ ) may either imply the need for a high-redshift population of ionizing sources (hypothesis that will be tested by the future James Webb Space Telescope [32] ), or give hints about a possible energy injection from dark matter annihilations or decays [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] , or accreting massive primordial black holes [48] [49] [50] [51] [52] , it is mandatory to robustly establish what current data prefer, regardless of the model used to describe the redshift evolution of the free electron fraction.
Here we first analyze several possible parameterizations for reionization (PCA with several fiducial cosmologies and the PCHIP method) and explore the corresponding constraints on the reionization history of the universe. We then shall exploit tools related to model selection among competing models, using both the Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC), which will allow us to quantitatively decide which model is currently preferred and whether it exists or not an indication for an early reionization component in our universe.
The structure of the paper is as follows. We start by discussing the different reionization approaches that we shall test against current data in Sec. 2. In Sec. 3 we describe the cosmological observations exploited in our numerical analyses, whose results are shown in Sec. 4. Our conclusions are summarized in Sec. 5.
Reionization histories
In the following, we will derive the constraints on the reionization history of our universe from cosmological observations exploring several possible scenarios, focusing on a possible early reionization component in our universe. For that, we shall exploit the reionization optical depth:
where n e (z) = n H (0)(1 +z) 3 x e (z) and n e,0 (z) = n H (0)(1 +z) 3 x e,0 (z), being n H (0) the number density of hydrogen at present, x e (z) the free electron fraction and x e,0 (z) the free electron fraction leftover from the recombination epoch (see e.g. [53] [54] [55] ). Therefore, Eq. (2.1) just accounts for the cumulative Compton optical depth after recombination, subtracting the prereionization contribution.
Canonical scenarios
We start describing the free electron fraction by means of the most simple and commonly exploited parameterizations in the literature, i.e. the so-called redshift-symmetric and redshiftasymmetric parameterizations (see e.g. [16] ).
• Redshift-symmetric parameterization.
The most economical and widely employed approach to describe the reionization process in our universe assumes that the free electron fraction follows a step-like function, taking the recombination leftover value at high redshifts and becoming close to one at low redshifts, and being described by the hyperbolic tangent function [19] x tanh e
where y(z) = (1 + z) 3/2 , ∆y = 3/2(1 + z re ) 1/2 ∆z, and ∆z is the width of the transition, fixed in the following to ∆z = 0.5. This parametrization is named "redshift symmetric" because the redshift interval between the beginning of reionization and its half completion equals the corresponding one between half completion and the reionization offset, and it is the default one implemented in Boltzmann solver codes such as CAMB 1 [56] . This parameterization, as well as the following ones, also accounts for the first ionization of helium f He = n He /n H , assumed to happen at the same time than that of hydrogen. The full helium reionization is modeled via another hyperbolic tangent function with z re,He = 3.5 and ∆z = 0.5. Therefore, the only free parameter in this simple approach is the reionization redshift z re . When this redshift-symmetric parameterization is used as the fiducial model in our PCA analyses (see next subsection), we fix z re = 8.8, following the results quoted in Ref. [16] .
• Redshift-asymmetric reionization.
Besides the previous case, alternative reionization parameterizations with a non redshiftsymmetric transition have been proposed in the literature. One of the most flexible choices, which shows good agreement with current measurements from quasars, Lyα emitters and star-forming galaxies, is represented by a power law, described via three parameters [16, 57] :
Following Planck 2016 reionization analyses [16] , when using this redshift-asymmetric model as a fiducial model in our PCA analyses, we shall fix the redshift at which the first sources in our universe switch on, z early = 20, the redshift at which reionization is fully complete, z end = 6, and the exponent α = 6.10.
Principal Component Analysis (PCA)
The second method we follow here to model the reionization process is the Principal Component Analysis (PCA) approach of Refs. [13, [20] [21] [22] [23] [24] [25] , exploited more recently in Refs. [29, 31] . Following these previous works, we discretize the redshift range from z min = 6 to z max = 30 in N z bins of width of δz = 0.25. We set the ionization fraction to x e = 0 for z ≥ z max , when the reionization processes have not started yet, while for z ≤ 6 we assume fully ionized hydrogen and singly ionized helium, i.e. x e = 1 + f He . The full helium reionization is modeled as aforementioned. This approach makes use of the Fisher information matrix [58] , that we compute as:
where the C are the components of the large angle EE polarization spectrum. The sum above is truncated at max = 100, because the reionization imprint is mostly located in the lowest modes of the CMB polarization spectrum. In Eq. (2.4) we have used the well-known result for the cosmic variance: σ 2 C = C 2 2/(2 + 1). Having the Fisher matrix, we can diagonalize it and find that the eigenfunctions are the principal components S µ (z) and the eigenvalues are proportional to the inverse of the estimated variance of each eigenmode, σ 2 µ . Using the normalization of Ref. [20] , we can write the Fisher matrix as
We sort the different eigenfunctions in order to have the smallest uncertainties at the lowest modes, being therefore the µ = 1 case the best constrained mode. Due to completeness and orthogonality of the principal components, the following properties are fulfilled:
Since the width of the bins is chosen to be sufficiently small, in practice we can replace the integrals over redshift by discrete sums. One of the ideas behind the PCA approach is that one can write redshift-dependent quantities such as the ionization fraction as a linear combination of the principal components. Since the lowest modes have the smallest uncertainties, we truncate the sum, using only the first 5 principal components, following Ref. [20] . We apply the PCA analysis to the ionization history in two different ways, which are explained below.
• Case A
In the first PCA approach, named PCA-A in what follows, the reionization history reads as
Given a fiducial model x fid e (z), and knowing the amplitudes derived from the Fisher matrix (see Eq. (2.4)), one can recover an arbitrary ionization history using a PCA analysis. This is the standard approach adopted in Refs. [20, 29] in order to constrain the ionization history with CMB data. Following [20] , we can derive upper and lower bounds for each amplitude m µ :
Additionally, in order to guarantee physical ionization histories, the choice of our amplitudes m µ has to fulfill the condition 0 ≤ x e (z) ≤ 1 + f He at any redshift z 2 .
• Case B
In the second of our PCA analyses, named PCA-B, we choose a different approach to the standard PCA analysis described above, in which the free electron fraction is proportional to the fiducial model plus the PCA decomposition. Here, we exploit the functional form of the fiducial model in order to test other possible reionization parameterizations. Following this idea, for the redshift-symmetric, tanh description, we insert the PCA decomposition inside the argument of the hyperbolic tangent:
Notice that we recover the fiducial tanh model by setting the amplitudes m µ to 0. We perform an analogous replacement for the redshift-asymmetric parameterization:
(2.11) We take for the specific parameters of the tanh and asym cases the fiducial values given in Sec. 2.1.
PCHIP
The third and last method we adopt in order to describe the reionization history is based on a non-parametric form for the free electron fraction x e (z), which is described using the function values x e (z i ) in a number n of fixed redshift points z 1 , . . . , z n . Following the procedure adopted for the PCA analyses, we fix the function to be a constant both at low redshifts (z ≤ 6) and at high redshifts (z ≥ 30). The first and the last redshift nodes we use to parameterize the function at intermediate redshifts are therefore z 1 = 6 and z n = 30, where we also want the function to be continuous: as a consequence, the values x e (z 1 ) = 1 + f He and x e (z n ) = 0 are fixed and the number of varying parameters that describe x e (z) is always n − 2. We consider a case with a total of n = 7 nodes (5 free parameters), located at redshifts 12) in order to have the same number of free parameter than in the PCA cases.
The function x e (z) at z = z i is computed through an interpolation among its values in the nodes. We employ the "piecewise cubic Hermite interpolating polynomial" (PCHIP) [59, 60] in a very similar way to Refs. [61] [62] [63] [64] , where the PCHIP function was adopted to describe the power spectrum of initial curvature perturbations, or the more recent work of [30] , where the PCHIP method has also been used to model the evolution of x e (z). The idea behind the PCHIP function is similar to that of the natural cubic spline, with the difference that the monotonicity of the series of interpolating points must be preserved. Spurious oscillations that may be introduced by the standard spline are avoided by imposing a condition on the first derivative of the function in the nodes, which must be zero if there is a change in the monotonicity of the point series. A more detailed discussion on the PCHIP function can be found in the appendix of Ref. [61] .
Summarizing, the free electron fraction in the PCHIP case is described by:
where n will be 7 and the redshifts z i are reported in Eq. (2.12).
For the values of the function in the varying nodes, which are the free reionization parameters in our Markov Chain Monte Carlo analyses, we impose a linear prior 0 ≤ x e (z i ) ≤ 1 + f He , with i = 2, . . . , n − 1. This ensures that the free electron fraction is always positive and smaller than its value today. The value of the reionization optical depth τ that we report in our results is derived from Eq. (2.1).
Cosmological data
We use Planck satellite 2015 measurements of the CMB temperature, polarization, and crosscorrelation spectra [18, 65] to derive the constraints on the possible reionization histories 3 . More precisely, we exploit both the high-(30 ≤ ≤ 2508) and the low-(2 ≤ ≤ 29) T T likelihoods based on the reconstructed CMB maps and we include the Planck polarization likelihoods in the low-multipole regime (2 ≤ ≤ 29), plus the high-multipole (30 ≤ ≤ 1996) EE and T E likelihoods 4 . All these CMB likelihood functions depend on several nuisance parameters (e.g. residual foreground contamination, calibration, and beam-leakage [18, 66] ), which have been properly considered and marginalized over. To derive constraints on the reionization history and related parameters, we have modified the Boltzmann equations solver CAMB code [56] and apply Markov Chain Monte Carlo (MCMC) methods by means of an adapted version of the CosmoMC package [67] . As for current constraints, we consider a minimal version of the ΛCDM model, described by the following set of parameters:
where ω b ≡ Ω b h 2 and ω c ≡ Ω c h 2 represent the physical baryon and cold dark matter energy densities, Θ s is the angular scale of recombination, A s is the primordial power spectrum amplitude and n s the spectral index. Notice that we do not have τ among the parameters included in our analyses, as τ is a derived parameter. Instead, we will add the additional parameters describing the PCA and PCHIP reionization models, that will lead to the constraints presented in what follows. Figure 1 shows the most relevant results from our analyses of Planck 2015 temperature and polarization data assuming different reionization histories. As aforementioned, we shall focus on the cumulative redshift distribution function of the reionization optical depth, Eq. (2.1). A large departure from 0 at redshifts z > 10 would indicate evidence for an early reionization contribution, and therefore for non-standard reionization sources as, for instance, energy injection from dark matter annihilations or from matter accretion on massive primordial black holes. Notice that the PCA-A method of Ref. [29] , in which the PCA decomposition is added linearly to a fiducial x fid e (z), leads always to an early contribution to the optical depth τ , i.e. τ is significantly different from 0 at z > 10, in contrast to standard reionization scenarios. Furthermore, the presence of this early contribution is independent of the fiducial model, as we can see from the four PCA-A cases depicted in Fig. 1 , which provide the same predictions at z > 10, differing only mildly at small redshifts, regardless whether the fiducial model is a constant function or it depends on the redshift instead.
Results
In order to unravel the origin of this early reionization component present when using the PCA-A description, several tests have been carried out. Firstly, we have eliminated the physical limits in the PCA amplitudes, finding very similar results. Secondly, we have simulated mock Planck data with the hyperbolic tangent description and then fitted these data to a PCA-A modeling, using different fiducial models. We always find two bumps in the recovered x e , see Fig. 2 , one located between z = 10 and z = 15 and a second one located between z = 20 and z = 25. Upcoming measurements from the Planck satellite could disentangle if this early reionization component is truly indicated by the data or instead it is due to the adopted modeling or to other effects (i.e. systematics).
Furthermore, this early reionization component is definitely absent when other possible reionization histories are used in the analyses. For instance, in the case of PCA-B parame- terizations (see Eqs. (2.10) and (2.3)), there is no early reionization contribution, as τ (z) is negligibly small for z > 10. The same happens for the PCHIP method, in which the mean reconstructed value of τ (z) is also very small at high redshifts, showing little evidence for an early reionization component (see also Ref. [30] ). Notice that the value of τ today is smaller in the PCA-B approaches than in the PCA-A and PCHIP descriptions. However, this behavior is the expected one, as the PCA-B scenarios are very close to those explored by the Planck collaboration in Ref. [16] , where it was found that the current value of τ is 0.058 ± 0.012 for the hyperbolic tangent case, in perfect agreement with our findings here, even if we make use of the 2015 Planck likelihood only (the mean value is τ = 0.068 for the very same model). The differences between the PCA-A and PCA-B cases can be understood from the fact that the case B imposes a more restrictive functional form on the ionization history.
The findings above are fully consistent with our limits on the free electron fraction x e (z) at a given redshift. Figure 2 shows the free electron fraction for the PCHIP parameterization together with the other PCA-A and PCA-B models explored here. The color coding is identical to that used in Fig. 1 . Notice that for the PCA-A models the free electron fraction is almost constant in the redshift interval z = 10 − 30, as a consequence of the choice of the fiducial model, and therefore there will always be an early reionization component within this approach. However, when considering either the PCHIP or the PCA-B models, the free electron fraction is significantly smaller than 0.2 for redshifts above z = 15 and it is almost negligible above z = 20. Therefore, the fact that current CMB observations need an early contribution to reionization is highly questionable, as it strongly depends on the framework used to analyze the data. Using Planck CMB temperature and polarization data within the PCHIP analysis, we find x e < 0.90, < 0.49 and < 0.13 at 2σ in the nodes at z = 10, 13 and 20, respectively. Fluctuations in the lower 1σ limits shown in Fig. 2 are numerical artifacts that appear when computing the error bands at intermediate positions between the fixed PCHIP nodes and cannot be considered as significant. Figure 3 shows the 68% and 95% CL x e (z 6 ) Figure 3 . 68% and 95% CL allowed regions from the Planck CMB measurements considered here on the amplitudes in the PCHIP approach, together with the one-dimensional posterior probability distributions.
allowed regions for the amplitudes of the PCHIP nodes, i.e. the x e (z) at the redshifts listed in Eq. (2.12), from the Planck CMB measurements considered here. A quick inspection of Fig. 3 tells us that all the amplitudes are perfectly compatible with a vanishing value. Only one of them, m 5 , the node corresponding to z = 13, shows a very mild departure from 0. However, this mild departure is far from being a significant effect, as it barely appears at 1σ. We can therefore conclude that there is no evidence for a high redshift component in x e (z). Notice also from Fig. 3 that, in general, the PCHIP amplitudes are anti-correlated among themselves. We also illustrate the derived distribution for the value of the reionization optical depth, τ PC , which is significantly correlated with the nodes at the higher redshifts. Even a modest increase of x e at z = 13 or at z = 20 would imply a significant shift towards larger values of the current reionization optical depth.
In order to further assess our findings above, we adopt here two information criteria which have been widely exploited in astrophysical and cosmological contexts (see Refs. [68, 69] which establishes that the penalty term between competing models is twice the number of free parameters in the model, k; and the Bayesian Information Criterion (BIC) 2) in which the penalty is proportional to the number of free parameters in the model times the logarithm of the number of data points N . The best model is the one minimizing either the AIC or the BIC criteria. Following Ref. [68] , the significance against a given model will be judged based on the Jeffreys' scale, which will characterize a difference ∆AIC (BIC)> 5 (> 10) as a strong (decisive) evidence against the cosmological model with higher AIC (BIC) value.
Adopting first the AIC prescription, we shall compare the different models explored here to the standard scenario, in which reionization is described via just only one parameter, τ . This tau-only cosmological model gives −2 ln L max = 12956.2 [18] . As a comparison, the PCA-A case with constant fiducial model x e = 0.15 (0.05) provides −2 ln L max = 12954.0 (12953.2). Notice that both the PCA-A cases have a higher AIC value than the tau-only cosmology because of the larger number of parameters. The values for ∆AIC are ∆AIC = 5.8 and 5, respectively, and therefore there is strong evidence against these possible reionization histories. Also within the PCA-A description, we get −2 ln L max = 12956.5 (12958.3) in the PCA-A tanh (asym) fiducial approach. These two models also provide a larger AIC than the tau-only scenario, and again, there will be strong (decisive) evidence against the PCA-A tanh (asym), in favor of the simplest and most economical tau-only reionization paradigm. In the case of the PCHIP approach, our results lead to −2 ln L max = 12954.5, which also indicates strong preference for the tau-only scheme. We point out that all the reported values of −2 ln L max are taken from the corresponding MCMC chains, and not from a specific minimization algorithm. For this reason, they may not be extremely precise and they must be considered only as fair estimates of the true values of each −2 ln L max , with possible errors of order unity, as estimated from the different parallel MCMC chains. In the case of the PCA-B parameterizations, the difference in the minimum −2 ln L max from the different MCMC parallel chains is too large to give even a fair estimate of the true minimum, and we decide not to claim any evidence against these two descriptions, for the reasons listed above. However, we expect that these two models are equally good in fitting the CMB data, at a comparable level with respect to the tau-only scenario, as their reionization histories are extremely close to the standard cosmological framework, see Fig. 2 . Nevertheless, given the fact that the number of parameters in the PCA-B scheme is larger, the tau-only reionization description, with current data, will always be favored over the PCA-B parameterization.
We can also compare the different reionization descriptions among themselves using the BIC approach, as all of them have the same number of free parameters (five in total) and also the same number of data points. The result of comparing the PCA-A and PCHIP scenarios among themselves will always give very weak or inconclusive answers, as none of them in particular is preferred over the other possible formulations.
Conclusions
Unraveling the reionization period, which is still a poorly known period in the evolution of our universe, is one of the most important goals of current and future cosmological probes. This is a mandatory step, not only towards a complete understanding of star formation and evolution, but also to answer questions such as the nature of the dark matter component [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] , constraining dark matter properties or the abundance of accreting massive primordial black holes [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] . Currently, the most accurate measurement of the reionization period comes from Cosmic Microwave Background data through a redshift-integrated quantity: the reionization optical depth τ . The latest measurements of the Planck collaboration provide a value of τ = 0.055 ± 0.009 [15, 16] , which shows a very good agreement with observations of Lyman-α emitters at z 7 [3] [4] [5] [6] [7] . However, this measured value of τ may correspond to very different reionization histories.
The most commonly exploited model for the time evolution of the free electron fraction, x e (z), uses a step-like transition, implemented via a hyperbolic tangent [19] . Recently, there have been several studies in the literature claiming that Planck 2015 data may prefer a highredshift (z > 15) component to the reionization optical depth, implying a clear departure from the hyperbolic tangent picture. Here we consider a number of possible reionization scenarios, some of them previously explored in the literature, such as the Principal Component Analysis (PCA) approach of Refs. [13, [20] [21] [22] [23] [24] [25] 29] , or the PCHIP framework [30] . We find that the claimed need for an early reionization component from present data is highly debatable, as it is only motivated by a particular set of reionization descriptions. In other possible reionization prescriptions, equally allowed by data, we do not find such a preference. To assess this, we have applied the frequentist Akaike Information Criterion (AIC), which provides an unbiased model comparison method. The AIC results show that there is strong evidence from current data against more complicated reionization scenarios, always favoring the minimal scenario with the symmetric hyperbolic tangent function and described by one single parameter, the reionization optical depth τ . In other words, current Planck CMB analyses are unable to provide more information beyond that based on a single value of the τ . Upcoming data from the Planck mission will help in further disentangling the reionization history of our universe.
